In our studies of nif gene regulation, we have observed that certain hybrid nif plasmids drastically inhibit the expression of the chromosomal nif genes of Klebsiella pneumonia. Wild-type (Nif) K. pneumoniae strains that acquire certain hybrid nif plasmids also acquire the Nif-phenotype; these strains lose 90 to 99% of all detectable nitrogen fixation activity and grow poorly (or not at all) on solid media with N2 as the sole nitrogen source. We describe experiments which defined this inhibition of the Nif+ phenotype by hybrid nif plasmids and identify and characterize four nif DNA regions associated with this inhibition. We show that plasmids carrying these nif regions could recombine with, but not complement, nifchromosomal mutations. Our results suggest that inhibition of the Nif+ phenotype will provide a useful bioassay for some of the factors that mediate nif gene expression.
In our studies of nif gene regulation, we have observed that certain hybrid nif plasmids drastically inhibit the expression of the chromosomal nif genes of Klebsiella pneumonia. Wild-type (Nif) K. pneumoniae strains that acquire certain hybrid nif plasmids also acquire the Nif-phenotype; these strains lose 90 to 99% of all detectable nitrogen fixation activity and grow poorly (or not at all) on solid media with N2 as the sole nitrogen source. We describe experiments which defined this inhibition of the Nif+ phenotype by hybrid nif plasmids and identify and characterize four nif DNA regions associated with this inhibition. We show that plasmids carrying these nif regions could recombine with, but not complement, nifchromosomal mutations. Our results suggest that inhibition of the Nif+ phenotype will provide a useful bioassay for some of the factors that mediate nif gene expression.
Genes specifically required for dinitrogen fixation by Klebsiella pneumoniae are clustered on the chromosome of this organism near the operator end of the histidine biosynthesis (his) operon. A total of 15 distinct nitrogen fixation (nif) genes have been identified in this cluster on the basis of complementation analysis, and these genes have been assigned to seven separate transcription units on the basis of merodiploid analysis of polar nif mutations (10, 12, 22, 27, 28) . All of the nil operons are transcribed in the same direction, toward the his operon (21) (see Fig. 6 ). Two additional genes, designated niJX and nifY, have also been identified as polypeptide-encoding regions on hybrid nif plasmids which produce proteins in minicells (30) . All of the his-linked nif genes have been cloned (5, 6, 20, 30) , and a correlated physical and genetic map of the nif genes has been constructed (1, 32) .
We report here the observation that some hybrid nif plasmids inhibit chromosome-en- N2 as the sole nitrogen source on solidified media.
We describe experiments which operationally defined the inhibition of the Nif+ phenotype and which identified and characterized several nif DNA fragments associated with this inhibition. Our results suggest that inhibition of the Nif+ phenotype will be a useful bioassay for some of the factors that mediate nifgene expression.
(A summary of this work has been presented previously [31] , and a portion of this work was presented in partial fulfillment of the Ph.D. degree requirement for G.E.R. at Harvard University.)
MATERIALS AND METHODS
Bacteria and plasmids. The bacteria and plasmids used are listed in Tables 1 through 3. Media. Rich medium (LB medium) and minimal medium (BS medium) have been described previously (5) and were solidified with 1.5% agar (Difco Laboratories, Detroit, Mich.). W medium was identical to BS medium except that it lacked (NH4)2SO4. Nitrogendeficient medium (NFDM medium) has been described previously (6) . SNFDM medium was identical to NFDM medium except that sucrose (2%) was substituted for glucose. NFDM and SNFDM media were supplemented with either L-aspartic acid, histidine, serine, or Casamino Acids (100 ,ug/ml; Difco) and were solidified with 1.5% Serva ultrapure agar (type 11396; Accurate Chemical and Scientific Corp., Hicksville, N.Y.); other amino acids were used at final concentrations of 50 ,ug/ml. Antibiotics were filter sterilized and were added to media at the following (24) . The presence of a hybrid nif plasmid within a K. pneumoniae strain was confirmed by isolating plasmid DNA from 5-ml cultures of each constructed strain, using a small-scale plasmid isolation procedure (17) , and by subjecting the isolated DNA to restriction enzyme cleavage analysis.
Nitrogen fixation assays. (i) Liquid medium assay. A 0.2-ml sample of a mid-logarithmic LB medium culture was added to 5 ml of NFDM or SNFDM medium containing appropriate antibiotics and amino acids, ammonium sulfate (2 mg/ml), and either aspartic acid or Casamino Acids (100 pg/ml) in a 12-ml sterile conical centrifuge tube (W. Sarstedt, Princeton, N.J.). The tubes were capped with serum stoppers (type 03-225-5: Fisher Scientific Co., Pittsburgh, Pa.) and incubated overnight at 32°C on a revolving (60 rpm) tissue culture tube roller. The cultures were collected by centrifugation and suspended in 5 ml of NFDM or SNFDM medium containing appropriate amino acids, antibiotics, and aspartic acid, serine, histidine, or Casamino Acids (100 ,ug/ml). Anaerobiosis was not maintained during the change of medium. The tubes were recapped with serum stoppers, and 2 ml of the gas phase was replaced with acetylene. Nitrogen fixation activity was monitored by reduction of acetylene to ethylene (29) . Cultures were incubated at 32°C, and ethylene production was measured hourly for 6 to 9 h and at 24 h by injecting 0.5-ml gas samples into a Varian model 940 gas chromatograph fitted with a 45-cm Parapak N (Waters Associates, Inc.) column (internal diameter, 1 mm) at 37°C, using N2 as the carrier gas at a flow rate of 7 ml/min. In this liquid assay, the growth of cells is not dependent upon nitrogen fixation activity. We used this assay in our experiments to avoid the possibility that bacterial strains would be identified as Nif because they grew poorly under these conditions and not because they were unable to derepress and express nif genes specifically. We specifically added aspartic acid or Casamino Acids to the assay medium to avoid the possibility that bacterial strains would be identified as Nif because the plas- b pWK25 and pWK250 differ in the orientation of the cloned nif DNA. mids which they carried were somehow lowering the amino acid pools within the cells.
(ii) Solid medium assay. Cultures were streaked from solid LB medium containing appropriate antibiotics onto NFDM or SNFDM solid medium containing appropriate antibiotics, amino acids, and either Casamino Acids (100 gxg/ml), aspartic acid, histidine, or serine (100 ,ug/ml). Plates were incubated anaerobically at 30°C for 4 to 6 days in anaerobic chambers (Becton, Dickinson & Co., Cockeysville, Md.). Strains which grew to confluent, dark brown patches during this incubation period were scored as Nif+; strains which either grew to very small, pale colonies or did not grow at all were scored as Nif-.
Enzymes and reagents. Restriction endonucleases, T4 DNA ligase, DNA polymerase I, and DNase I were used as previously described (32 (8) . Smallscale preparations of plasmid DNA were prepared from 5-mi saturated cultures as described previously (17) , with the following modification: plasmid DNA was desalted before enzymatic digestion by passage through a 0.4-ml Sephadex G-50 (medium) column which had been equilibrated with water. The conditions used for digestion of DNA by restriction enzymes (32), horizontal agarose gel electrophoresis (32), elution of DNA fragments from agarose gels (36), ligation (11), nick translation (32), DNA transfer to nitrocellulose filters (38) , DNA filter hybridization (32), colony filter hybridization (13) , and restriction enzyme mapping (5) have been described previously.
Plasmid construction methods. (i) Molecular cloning of the nifJ gene. To clone the nifJ gene, we took advantage of the fact that Tn5 confers kanamycin resistance to its host and is not cleaved by EcoRI (16) . These two properties facilitate the construction of hybrid plasmids that carry an EcoRI fragment containing TnS, even when the starting source of DNA is complex.
We first cloned a 20. 
RESULTS
Some hybrid nifplasmids inhibit Nif expression in wild-type K. pneumoniae. Some hybrid nif plasmids inhibit Nif expression in wild-type K. pneumoniae, whereas other hybrid nif plasmids do not affect Nif expression. An example of this observation is presented in Fig. 1 , which shows the effects of pGR112, pGR113, and pACYC184 upon Nif expression in wild-type K. pneumoniae strain KP5525. pGR112 is a hybrid nif plasmid that contains an 8.0-kilobase nif DNA fragment (nifQBALF') inserted into the EcoRI site of pACYC184 (Table 3) , and pGR113 is a hybrid nif plasmid that contains a 2.1-kilobase nif DNA fragment (rif 'NE') inserted into the EcoRI site of pACYC184 (Table 3) . pGR112, pGR113, and pACYC184 confer tetracycline resistance upon their hosts; in addition, pACYC814 confers chloramphenicol resistance (7) . Figure 1 shows that the nitrogen fixation activity of a liquid culture of KP5525(pGR112) was less than 1% of the activity of wild-type parent strain KP5525, KP5525 (pGR113), or KP5525(pACYC184). When KP5525(pGR112) was cultured in LB broth nonselectively, bacteria which had sponta- neously cured pGR112 appeared in the culture population. One such bacterial strain was KP6056, which was not tetracycline resistant and contained no detectable plasmid DNAs (data not shown). The level of nitrogen fixation activity in strain KP6056 was the same as the level in parent strain KP5525 (Fig. 1) . Another effect of pGR112 was that Kp5525(pGR112) grew very poorly (usually not at all) on NFDM medium containing tetracycline, but KP5525(pACYC184) and KP5525(pGR113) grew to confluent, dark brown patches (data not shown).
For brevity, we refer to the inhibition of the Nif+ phenotype as "Nif inhibition" and to the hybrid nif plasmids associated with this inhibition as "inhibitory" plasmids. Figure 1 shows that Nif inhibition was correlated with the presence of pGR112 in cells. Figure 1 also shows that Nif inhibition was not associated solely with the plasmid cloning vector, pACYC184, or with a pACYC184 plasmid which contained an insertion in its EcoRI site per se. These results suggest that Nif inhibition is specifically associated with some or all of the nif sequences cloned in pGR112.
To investigate further whether cloned nif sequences are specifically responsible for Nif inhibition and to identify those regions that are responsible, we constructed 35 hybrid nif plasmids containing nif insertions of various sizes and examined their effects upon Nif expression in wild-type K. pneumoniae. Table 3 shows some of the characteristics of the nif plasmids that we constructed. Inhibitory plasmids can be constructed from at least three separate regions of the nifgene cluster.
We used the two effects described above for pGR112 to determine whether other hybrid nif plasmids were also associated with Nif inhibition. We classified a hybrid nifplasmid as inhibitory only if the presence of the hybrid nif plasmid within a wild-type K. pneumoniae strain was correlated with the loss by that strain of more than 90% of wild-type nitrogen fixation activity in liquid culture assays and with the poor growth or lack of growth by that strain on solidified medium when N2 was used as the sole nitrogen source.
K. pneumoniae strains KP1, KP5525, and KP5614 were transformed with different hybrid nifplasmids, and the presence of each hybrid nif plasmid within each strain was confirmed by analyzing plasmid DNA from each strain (data not shown). All strains were assayed for nitrogen fixation activity in liquid cultures and for the ability to grow on solidified nitrogen-free medium. Figure 2 shows the results of experiments in which EcoRI fragments spanning the entire hisnif gene cluster were assayed for Nif inhibition. This figure shows that there were at least three regions of the nif gene cluster which were associated with Nif inhibition; these were contained in plasmids pGR112, pWK250, and pSA30. The hybrid nif plasmid pWK120 (30), which contained the entire nifgene cluster (and thus all of the inhibitory regions), did not inhibit Nif expression in wild-type K. pneumoniae. However, the hybrid nif plasmid pCRA37, which con- BamHI sites. +, Strains containing this plasmid produce wild-type levels of nitrogen fixation activity; -, strains containing this plasmid produce less than 10% of the wild-type levels of nitrogen fixation activity. a Liquid cultures of K. pneumoniae strain KP5525 carrying different plasmids were grown, derepressed, and assayed for nitrogen fixation activity as described in the text.
b All media contained tetracycline (20 ,ug/ml). c The numbers in parentheses are the nanomoles of ethylene produced per milliliter of culture 24 h after derepression.
tained at least two inhibitory nif regions, did inhibit Nif expression in wild-type K. pneumoniae.
We investigated whether inhibitory plasmids affected only nifexpression in K. pneumoniae or whether these plasmids also affected the expression of other genes. It has been hypothesized (39, 41) that there is a common regulatory system which governs the expression of K. pneumoniae genes which code for nitrogen fixation and histidine utilization. We investigated whether Nif inhibitory plasmids affected the ability of K. pneumoniae to grow in a variety of media and to utilize histidine as a nitrogen source during cell growth. The rates of growth of KP5525-(pACYC184), KP5525(pGR112), KP5525-(pWK250), and KP5525(pSA30) were similar in several different media (LB medium, NFDM medium supplemented with NH4', SNFDM medium supplemented with NH4+). Inhibitory plasmids did not significantly affect the ability of KP5525 to grow anaerobically or its growth rate when histidine was used as a nitrogen source. These results are consistent with the hypothesis that Nif inhibition is a phenomenon which specifically affects nif expression, rather than a phenomenon which generally affects K. pneumoniae nitrogen metabolism.
We were also interested in whether inhibitory plasmids inhibited Nif expression in K. pneumoniae as a result of the assay conditions which we used. We conducted liquid and plate nitrogen fixation assays of strain KP5525 containing pACYC184, pGR112, pWK250, and pSA30 by using several different conditions and media. Table 4 shows that Nif inhibition was not a property of any particular assay medium in the liquid culture assay. The results with solidified media paralleled the results of the liquid culture assays (data not shown). pGR112 was consistently more inhibitory than pSA30, which was more inhibitory than pWK250. nif DNA fragment responsible for Nif inhibition in each region may be shorter than the lengthwhich we determined in this work.
Nif Inhibition is caused solely by the nif DNA sequence doned in each Nif Inhibitory plasmid. The results presented above (Fig. 2 through 5 (33) . B, BamHI; S, Sall; P, PstI. pGR104 carries additional DNA from the K. pneumoniae chromosome which is not included in this diagram (see Table 3 ). For further explanation, see the legends to Fig. 2 pneumoniae chromosome (32) . The location of nifY was assigned on the basis of the data of Klipp and Ptihler (30) . Bg, BglII; Sa, Sau3A; H, Hindlll; B, BamHI; S, Safi. pGR367 carries additional DNA from the K. pneumoniae chromosome which is not included in this diagram (see Table 3 ). For further explanation, see the legends to Fig. 2 and 3 . (33) . nijX and nifYhave not yet been assigned to nifoperons by genetic criteria. Although nifMWVSU is depicted as one operon (21, 22) , there is evidence which has been interpreted such that this region is two operons (27, 28) . The open triangles indicate EcoRI (R) sites. non et al. (5, 6) observed that the hybrid nif plasmids pCRA37, pCM1, and pSA30 restored the Nif+ phenotype to appropriate K. pneumoniae nif mutant strains. From these data, we deduced the number of nif genes carried on pCRA37, pCM1, and pSA30. We also concluded that the nif genes carried on these plasmids complemented the nif mutations in the host strains. This conclusion is contradicted by the observations presented here; pCRA37, pSA30, and pCM1 are inhibitory plasmids, and any nif complementation of which they are capable should be masked by the Nif inhibition phenotype which they confer. We reconcile this conffict in the following analysis.
There are two differences between the experimental methods used here and the methods used by Cannon et al. (5, 6) . The first difference is that we used RecAM strains, whereas Rec+ strains were used by Cannon et al. When RecAderivatives of appropriate nif mutants of K. pneumoniae were transformed with either pCRA37, pCMI, or pSA30, the transformants were Nif-regardless of the manner in which the assay for nitrogen fixation activity was performed (see below). This result demonstrates that the previous conclusion that pCRA37, pCM1, and pSA30 were able to complement nif mutations is incorrect.
The second difference between the methods used here and the methods used by Cannon et al. is the manner in which the assays for nitrogen fixation activity were performed. In our experiments appropriate antibiotics were used in the assays; no antibiotics were used in the assays performed by Cannon et There was no comparable growth period in liquid NFDM medium in the assays described here (see above). When appropriate Rec+ nif mutants of K. pneumoniae were transformed with pCRA37, pCM1, and pSA30 and assayed for nitrogen fixation activity, the strains were Nif+ only when (i) antibiotics were not included in solid NFDM medium and (ii) liquid assays (lacking antibiotics) were performed as described by Cannon et al. (5) . When nitrogen fixation assays were performed as described here, the strains were Nif.
These results led us to hypothesize that pCRA37, pCM1, and pSA30 could recombine with appropriate nif mutations in Rec+ hosts. However, it would not be sufficient for inhibitory nif plasmids such as pCRA37, pCM1, and pSA30 to recombine with a chromosomal nif mutation in order to restore the Nif+ phenotype to a Nif-host strain. The recombination event would result in cells with wild-type chromosomal nifgenes, but the cells would still contain many copies of the inhibitory plasmid and therefore should remain Nif-. We hypothesized that an additional event after recombination was necessary to yield a Nif+ strain, namely, the curing of the inhibitory plasmid from its host. This hypothesis predicts that if an inhibitory nif plasmid restores the Nif+ phenotype to a Rec+ nif mutant host, the Nif+ cell will no longer contain the Nif inhibitory plasmid. We tested this hypothesis with the following experiment.
KP5058 (hisD2 nifB213) and its RecAderivative KP5617 were transformed with the inhibitory nif plasmid pGR102 (hisDG nifQBALRFM') ( Fig. 2) . The presence of pGR102 plasmid DNA in the His' transformants was verified as described above. KP5617(pGR102) was His' Nif-in all assays for nitrogen fixation activity, whether they were performed as described above or as described by Cannon et al. (5 Our results show that there are at least four regions of the njfgene cluster which can be used to construct inhibitory plasmids (Fig. 6 ). The specific assignment of genes or parts of genes and their regulatory regions to each of the inhibitory nif regions depends upon the accuracy of the correlated genetic and physical map of the nifgenes (1, 32) . In some cases the accuracy of this map has been confirmed by DNA sequencing (37, 40) and by an analysis of polypeptideencoding regions (30 (5, 6) were correct as to the location of nif genes on pCRA37, pCM1, and pSA30, the conclusion that these plasmids complemented nifmutations was incorrect.
There are two simple models for the mechanism of Nif inhibition by hybrid nifplasmids: (i) the inhibitory plasmid makes a polypeptide or RNA product which interferes with Nif expression (product model), and (ii) the inhibitory plasmid DNA interacts directly with a macromolecule in the cell, and this interaction interferes with Nif expression (site model).
One possible product model is that inhibitory nif plasmids make an excess of a gene product (or part of a gene product) relative to other njf gene products and that this excess inhibits Nif expression by interfering with transcription, translation, or nif protein interaction. Inhibitory region II (Fig. 6 ) is a promising candidate for the product mechanism because our deletion analysis (Fig. 3) suggests strongly that an intact nifL gene is necessary for Nif inhibition (compare pGR394 with pGR379). The nifL gene product has been implicated as a negative effector of nif regulation (15, 33) . One possible mechanism, among many, is that Nif inhibitory region II VOL. 153, 1983 makes the host cell hypersensitive to oxygen repression.
One possible site model is that an inhibitory nif plasmid contains a site which is recognized and bound by a positive regulatory element. Nif inhibition would be caused by a binding by the Nif inhibitory plasmid of this element to the extent that the element is no longer present in the cell in sufficient quantities to perform its function at its usual site(s) in the nifgene cluster.
Conceptually, this site model for Nif inhibition is equivalent (but with an opposite effect) to the mechanism by which multicopy plasmids containing the lac operator confer a Lac constitutive phenotype on their hosts by binding most (or all) of the lac repressor molecules in the cell (3, 14, 25) . In this example of the site model, Nif inhibitory plasmids bind a hypothetical transcription activator in the cell and prevent normal niftranscription of some nifoperons. It is possible that the transcriptional activator is the nifA gene product, because the nifA gene product has been implicated as a positive regulatory element in Nif expression (9, 19, 21, 33, 34, 42) . Nif inhibitory region IV is a promising candidate for the site type of mechanism, because this region contains the niJHDK promoter (37, 40; V. Sundaresan, personal communication) and only a small fraction of the nifH coding region. This region is also transcribed heavily during Nif inhibition (31) . Despite the attractiveness of the site and product models for certain inhibitory regions, the data presented in this paper do not rigorously distinguish between the site and product models of Nif inhibition for any of the four inhibitory nif regions. 
